Objective. This study sought to investigate associations between serum total and free 25(OH)D and bacterial vaginosis (BV) in early and later pregnancy among US black women to provide insight into the most clinically relevant measure of vitamin D status among pregnant black women with respect to risk for BV as well as insights into critical time points for measuring and/or addressing vitamin D status in pregnancy. Methods. Data and biospecimens were derived from a subsample (N = 137) of women from the Emory University African American Vaginal, Oral, and Gut Microbiome in Pregnancy Cohort, for whom data related to vitamin D status (serum assays for total and free 25(OH)D) and Nugent score of Gram stained vaginal specimens in early (8-14 weeks) and later (24-30 weeks) were available. We compared total and free 25(OH)D concentrations for women according to Nugent score category (normal flora, intermediate flora, and BV) and assessed the odds of BV according to measures of vitamin D status. Results. Thirty-seven (27%) women had adequate vitamin D status at baseline, whereas 70 (51%) had insufficient vitamin D and 30 (22%) were vitamin D deficient; there were not significant differences in the proportion of women with adequate, insufficient, or deficient vitamin D according to Nugent score category. However, the odds of BV later in pregnancy were significantly higher for women who experienced a smaller rise in total 25(OH)D and free 25(OH)D from 8-14 through 24-30 weeks gestation. Conclusion. The change in measures of vitamin D status from early to later pregnancy is associated with the occurrence of BV in pregnancy. Further research is needed to examine the association between the change in vitamin D status over pregnancy and the occurrence of BV and other measures of vaginal microbial composition as well as to identify factors that influence change in vitamin D status over pregnancy.
Introduction
Bacterial vaginosis (BV) is a polymicrobial vaginal condition characterized by a reduction in acid-producing Lactobacilli and overgrowth of anaerobic Gram-negative and Gramvariable bacteria, including Mycoplasma hominis, Bacteroides, Mobiluncus, and Garnerella vaginalis [1] . Women with BV are at higher risk for acquiring and transmitting sexually transmitted infections [2] [3] [4] , and pregnant women with BV are at increased risk for premature rupture of membranes [5] , chorioamnionitis [6] , spontaneous preterm birth [7] , and post-cesarean endometritis [8] . RCTs among women with a previous spontaneous preterm birth support a reduction in preterm birth recurrence following early screening and treatment for BV [9] .
Black women are more commonly affected by BV, with prevalence estimates of 51.4% for US black women compared to 23 .2% for US white women of reproductive age [10] . The significantly higher rates of BV among black women are estimated to account for up to one-third of the US black-white 2 Infectious Diseases in Obstetrics and Gynecology racial disparity in preterm birth [11, 12] . While douching, number of sexual partners, and lower socioeconomic status increase a woman's risk for BV, these risk factors do not account for the disparity in BV rates [11, 13] . Factors that impair the immune system, such as micronutrient deficiencies, may also increase susceptibility to BV. Deficiency of vitamin D influences a number of aspects of the immune system [14] and has been linked to BV [15, 16] . Studies of US women of reproductive age indicate that approximately 80% of US black women are vitamin D deficient, compared with 13% of US white women [17, 18] . Black women's excess rate of vitamin D deficiency is attributed to darker skin pigmentation, which reduces cutaneous synthesis of cholecalciferol from exposure to sunlight, and lower intake through dietary and supplement sources [19, 20] .
The concentration of total 25-hydroxyvitamin D [25(OH)D] is considered the barometer for vitamin D status [21] . Interestingly, multiple studies have found that despite blacks' lower total 25(OH)D compared to whites, increased disease risk is not consistently observed in blacks, suggesting that total 25(OH)D may not be the biomarker of vitamin D status most related to health effects [19] . The recent literature suggests that free 25(OH)D, which circulates unbound to vitamin D binding protein (VDBP) or albumin, may be a better marker of vitamin D bioavailability and function than total 25(OH)D [22] , especially in racial/ethnic minority populations and/or during pregnancy due to varying affinity and levels of VDBP [23, 24] .
Until recently, the concentration of free 25(OH)D could only be estimated using formula that consider levels of total 25(OH)D, VDBP, and albumin, but assays for measuring free 25(OH)D have since been developed [22] . Stronger associations with free 25(OH)D than with total 25(OH)D have been reported for serum calcium and parathyroid hormone [25] , bone mineral density [26] , and vascular outcomes [27] , suggesting that free 25(OH)D may be a more clinically relevant measure. However, other studies have not found stronger associations with free compared to total 25(OH)D [28] . To date, no reports in the literature have compared the associations between directly measured free 25(OH)D and total 25(OH)D and health effects during pregnancy. The affinity of VDBP for vitamin D metabolites is lower during pregnancy, resulting in higher levels of free relative to total 25(OH)D), which is not accounted for in the mathematical formula [29] .
This study sought to investigate associations between concentrations of total and free 25(OH)D and BV in early and later pregnancy among US black women. Findings from this study may provide guidance about the most clinically relevant measure of vitamin D status among pregnant black women with respect to risk for BV as well as insights into critical time points for measuring and/or addressing vitamin D status in pregnancy.
Materials and Methods
. . Overview. Participants for this study were drawn from women enrolled in the Emory University African American Vaginal, Oral, and Gut Microbiome in Pregnancy Cohort [30] for which pregnant US-born black women are recruited from two hospitals in Atlanta, GA: a private hospital affiliated with Emory University that provides services for a socioeconomically and educationally diverse population and a county-supported hospital that provides services to the lowincome and underserved. Women presenting to the hospitalaffiliated clinics for a prenatal care between 8 and 14 14 weeks gestation, as determined by standard criteria based upon last menstrual period and/or first trimester ultrasound, and who self-identified as African American, were offered cohort enrollment if they met the following inclusion criteria: (1) USborn black by self-report; (2) between 8 and 14 weeks gestation with a singleton pregnancy (verified by clinical record); (3) Able to comprehend written and spoken English; (4) between 18 and 40 years of age; (5) . . Data Collection. Data collection for this study took place at prenatal care clinics during routine clinical appointments at two time points (Visit 1, between 8 and 14 weeks gestation; Visit 2, between 24 and 30 weeks gestation) and via medical record abstraction at the conclusion of the pregnancy. Complete data collection for the cohort is described in detail [30] . Measures of relevance to this study are presented below.
. . . Clinical and Questionnaire Data. ( ) Maternal race was based on self-report of racial identity; ( ) Maternal age and prenatal health insurance status (Medicaid, private) at the time of enrollment were ascertained from the prenatal record; in Georgia, women qualify for Medicaid in pregnancy if their household income is less than 200% of the federal poverty level; ( ) Gestational age at the time of the study visits was ascertained from the prenatal record; all participants had early pregnancy dating by last menstrual period and/or early ultrasound, given enrollment criteria; ( ) Body mass index (BMI) was calculated from patients' measured height and weight at the first prenatal visit ascertained from the prenatal record; (5) Receipt of antibiotics in the month before or between study visits was determined by abstraction of the prenatal record to ascertain whether the prenatal care provider prescribed or administered antibiotics (oral, vaginal, or parenteral) for any clinical diagnosis. The presence of clinical diagnoses was ascertained via clinical abstraction of the prenatal record, and involved ascertaining whether the clinician had diagnosed bacterial vaginosis on the basis of Amsel criteria [31] , sexually transmitted infections (chlamydia, gonorrhoea, and trichomoniasis) on the basis of clinical laboratory testing results, urinary tract infection on the basis of urine culture, or any other bacterial infection (e.g., cellulitis, sinusitis) as well as the gestational age for which antibiotics were prescribed for the infection in comparison to the gestational age of the study visits for determination of antibiotic administration before or between study visits.
. . . Biological Specimens and Assays. At both prenatal study visits, vaginal swabs and venous blood samples were obtained from participants as part of the research study [30] ; the results of research-related tests were not part of the clinical prenatal record and were considered in the prenatal care provided to participating women. . . Data Analysis. We began analysis by assessing for missing values and checking statistical assumptions. Measures of total 25(OH)D, free 25(OH)D and Nugent score were found to be non-normally distributed. Descriptive statistics were used to evaluate differences in the characteristics of pregnant women by Nugent score category (normal flora, intermediate flora, BV) using Chi-square test, or Fisher's exact test in the case of small sample sizes, for categorical variables and one-way analysis of various (ANOVA) for continuous variables. In paired analysis, we compared the median total and free 25(OH)D from Visit 1 to Visit 2 using the Wilcoxon Signed Rank test. We also used the Chi-square test to compare the proportion of women with and without BV according to vitamin D status (categorized as adequate, insufficient, or deficient). We evaluated correlations between total and free 25(OH) concentrations and Nugent score using Spearman's correlation coefficient and used the KruskalWallis ANOVA to compare the distribution of total and free 25(OH)D concentrations for women by Nugent score category. We used multinomial logistic regression models to evaluate associations between the outcome of Nugent score category (categorized as normal flora, intermediate flora, or BV) at the study visits and total and/or free 25(OH)D concentrations as the primary predictors, adjusting for relevant co-variates previously identified in the literature, including age, parity, first prenatal BMI, gestational age of sample, and receipt of antibiotics [15, 16, 34] , which were forced entry terms into the model. A significance level of .05 was employed for all statistical testing. We evaluated whether adjusting for co-variates significantly improved model fit compared to an intercept only model using likelihood-ratio chi-square tests for goodness of fit of the model. We used this same multinomial logistic regression modelling approach to evaluate associations between Nugent score category and change in total and/or free 25(OH)D from study visit 1 to study visit 2 as the primary predictor variables. Statistical analyses were conducted using SPSS v24.0 (Armonk, NY: IBM Corp).
Results
. . Characteristics of the Study Population. Among the 137 women who met criteria for inclusion in this study, 54 (39%) had a Nugent score indicative of normal flora upon study enrollment (Visit 1), whereas 26 (19%) had intermediate flora, and 57 (42%) had BV. Characteristics of participating women overall and according to baseline Nugent score category are given in Table 1 . The percentage of women with Medicaid and with high school or less education varied significantly by Nugent score category. A substantial percentage of women were diagnosed with infection by their prenatal care provider before or between the study visits, with clinically diagnosed BV (diagnosed by Amsel criteria in the clinic setting) and urinary tract infection being the most common at 28% and 26%, respectively. While there was some variation in the Table 2) . A majority (53%) of women who were in the deficient category at Visit 1 shifted into the insufficient category at Visit 2; in contrast, 76% of women who were in the adequate category at Visit 1 remained in the adequate category at Visit 2.
. . Correlations between Total and Free (OH)D and Nugent Score. The concentrations of total 25(OH)D at Visit 1 and
Visit 2 were significantly negatively correlated with continuous Nugent score at Visit 1 and Visit 2, respectively ( Table 3 ), such that higher levels of total 25(OH)D were associated with lower Nugent score. While the coefficients for the correlation between free 25(OH)D and Nugent score were negative at each visit, no correlations were significant. The change in concentration in total 25(OH)D and free 25(OH)D from Visit 1 to Visit 2 were both significantly negatively correlated with Nugent score at Visit 2 such that an increase in total or free 25(OH)D from Visit 1 to Visit 2 was associated with a lower Nugent score at Visit 2.
. . Mean and Range of Total and Free (OH)D by Nugent
Score Categories. The median, interquartile range (IQR), and range for total and free 25(OH)D concentrations for women according to their Nugent score category at Visit 1 and 2 are shown in Table 4 . At Visit 1, there were significant differences Infectious Diseases in Obstetrics and Gynecology 5 
Discussion
To our knowledge, this is the first published study that investigates the association between maternal free 25(OH)D and BV occurrence in pregnancy and the Nugent score category of intermediate flora in relation to 25(OH)D status; thus, there is not an established literature to which we can compare our findings on these points. However, our findings supporting that total 25(OH)D is related to the occurrence of BV in pregnancy are consistent with the literature. For example, an earlier US cohort study that examined the association between vitamin D status and BV in pregnancy found a dose-response relationship between the mean serum 25(OH)D concentration and the prevalence of BV in early pregnancy [15] . Despite our findings of an association between serum 25(OH)D and BV, the present study did not find an association between frank vitamin D deficiency (defined as serum total 25(OH)D < 20 ng/mL) and the occurrence of BV. A cohort of Zimbabwean pregnant women also failed to find an association with vitamin D deficiency and BV [35] . In contrast, a cross-sectional study of 440 US pregnant, selected to be representative of the racialethnic composition of women of reproductive age in the US, did find that total 25(OH)D < 30 ng/mL (a category combining vitamin D insufficiency and vitamin D deficiency) significantly increased the odds of BV [36] . This disparate findings suggest that large sample sizes may be required to find a significant effect using categorical cut-offs for vitamin D status or that the cut-off values for having a clinically important effect vary by race/ethnicity.
The study of Zimbabwean pregnant women was the first to examine the association between time-varying vitamin D and BV using cohort data, finding that among women who did not have BV at enrollment, deficient or insufficient vitamin D was not associated with incident BV during followup [35] . The present study did find an association with change in 25(OH)D from early to later pregnancy, as a continuous measure but not as a categorical measure, and BV later in pregnancy adjusting for baseline Nugent score and 25(OH)D. Further research is needed to confirm this association in other cohorts with measurement of measures of 25(OH)D at more than a single time point in pregnancy and to understand clinical and behavioural factors that may drive changes in vitamin D concentrations during pregnancy.
In addition to including an evaluation of both free and total 25(OH)D and BV in pregnancy, this study has other strengths. BV was diagnosed according to the microbiologic gold standard, Gram staining by Nugent criteria, and the Gram staining was conducted in an established clinical microbiology laboratory with blinding to the identification and clinical status of the participant. Also, the vaginal samples for Gram staining and the serum samples for determination of 25(OH)D status were obtained at the same clinical time points (8-14 weeks' and 24-30 weeks' gestation). A limitation of the present study is its relatively small sample size; a larger sample size may improve model fit, especially for the free vitamin D data, and may improve the ability to find true associations in the data. Another limitation of the present study is the that other nutrient measurements were not available for inclusion in the models. Previous research has established that folate deficiency (as measured by serum folate concentration) is linked with BV status, and that increased dietary intake of other nutrients, including folate, vitamin E, and calcium may decrease the risk of BV [37] . As such, there is the possibility of residual confounding between vitamin D status and other nutrient status contributing to our findings. Future research should focus upon the assessment of overall dietary patterns as well as micronutrient status and their combined effect in shaping the vaginal microbial flora and the occurrence of BV in pregnancy. Another limitation is that, in this study, we could not distinguish persistent vs. recurrent BV between the two study visits as BV was assessed via the gold standard of Gram stain only at the two study visits.
This study did not find stronger associations with free 25(OH)D compared to total 25(OH)D, which may be related to the transient nature of the free 25(OH)D, making it difficult to capture its pivotal level of bioavailability during the sample collection points. To better understand the relationship between vitamin D status and BV, particularly in pregnant women, future studies may need to include other measures that vary during pregnancy and across racial/ethnic backgrounds such as VDBP concentration and other vitamin D metabolites such as the active form 1,25(OH) 2 D as well as polymorphisms of VDBP that may impact 25(OH)D binding. There is evidence that levels of 25(OH)D can vary depending on VDBP genotype that commonly group based on racial/ethnic background [38] , which may be an important consideration for black women. Further, the understanding of the relationship between vitamin D status and BV may also require the consideration of other measures of the vaginal microbial composition, including the vaginal microbiome, or intermediate outcomes in the development of BV, such as antimicrobial peptide levels [39] . Given the findings that the change in vitamin D status from early to later pregnancy is important for the occurrence of BV in pregnancy, further [40] . Finally, despite finding associations between vitamin D status and BV in pregnancy, the effects of vitamin D supplementation on decreasing risk of BV are not supported by the existing literature. Two systematic reviews and metaanalyses of observational studies support that lower vitamin D intake and/or low 25(OH)D levels are associated with an increased risk for BV in pregnancy [41, 42] . Yet randomized trials summarized in the same systematic review do not support a reduction in BV occurrence or recurrence with vitamin D supplementation [42] . In addition, a more recent randomized, placebo-controlled, double-blinded trial of 118 women with symptomatic BV, most of whom were black, found that while those in the antibiotic therapy plus vitamin D supplementation group achieved higher levels of serum 25(OH)D than did those in the antibiotic therapy with placebo group, the increase was not associated with decreased BV recurrence [43] . Thus, future research should also focus on understanding the complex relationships underlying vitamin D status, vitamin D supplementation and the occurrence, recurrence, and persistence of BV in pregnancy.
Conclusions
In this study of pregnant US black women, vitamin D deficiency and insufficiency were common in early pregnancy (22% and 51%, respectively). Although rates of vitamin D deficiency and insufficiency improved in later pregnancy, with most of the cohort experiencing a mean increase in total 25(OH)D from early to later pregnancy, vitamin D status did worsen for some women in the cohort. The odds of BV later in pregnancy was significantly higher for women who experienced a smaller rise in total 25(OH)D and in those who experienced a smaller rise in free 25(OH)D. Specifically, in multinomial logistic regression modelling controlling for age, parity, prenatal health insurance status, first prenatal BMI, gestational age of sampling, and baseline 25(OH)D and Nugent score, women who experienced a small increase in either total or free 25(OH)D from 8-14 weeks through 24-30 weeks gestation were significantly more likely to have a Nugent score indicative of BV compared with normal flora; a smaller increase in total 25(OH)D over pregnancy was also associated with an increased risk of intermediate flora compared with normal flora. Further research is needed to examine for change in vitamin D status over the course of pregnancy and the occurrence of BV and other measures of vaginal microbial composition and to identify factors that influence change in vitamin D status over pregnancy.
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